1. Introduction {#s0005}
===============

Major depressive disorder (MDD) is a severe, recurrent affective disease with a high lifetime prevalence ([@bb0030]). Brain imaging studies revealed that MDD is associated with impaired white matter tissue in the brain. In elderly patients with depression, impairments in white matter tissue have been associated with vascular changes ([@bb0020], [@bb0065]). MRI-based diffusion tensor imaging allows a precise assessment of white matter microstructure, quantified as fractional anisotropy (FA), which reflects a variety of white matter microstructural properties such as myelination and packing density ([@bb0080]). Studies investigating FA with a tract-based approach in patients with MDD revealed reduced FA in the frontal lobe of the brain ([@bb0055]), in the sagittal stratum, posterior thalamic radiation, external capsule and posterior corona radiata ([@bb0090]) as well as the corpus callosum ([@bb0005], [@bb0130]). Additionally, depression-related FA reductions in the internal capsule, parahippocampal gyrus and posterior cingulum have been detected ([@bb0200]).

From a clinical point of view, many patients with MDD exhibit unhealthy lifestyle patterns, e.g. physical inactivity, unhealthy diet and smoking ([@bb0025]). Such patterns are known to result in cumulative subclinical arteriosclerosis of peripheral and central arteries ([@bb0035]) which in turn may mediate adverse effects of these patterns on FA in the brain ([@bb0010], [@bb0040], [@bb0045]). Pulse wave velocity (PWV) is a cumulative measure of arterial stiffness and peripheral subclinical arteriosclerosis, reflecting vascular changes over lifetime. Accordingly, PWV is influenced by vascular risk factors, e.g. obesity and high blood pressure ([@bb0095]), and was inversely associated with FA in a sample of elderly people ([@bb0165]). This association has also been observed in the community-based participants from the Framingham Heart Study ([@bb0100]). PWV increases with age ([@bb0135]) while a simultaneous decrease of FA has been observed during aging ([@bb0140]). However, a possible mediation of age effects via PWV has not been investigated. Similarly, in the context of patients with MDD, the role of PWV as an estimate of cumulative vascular changes has not been investigated.

In the present study, we examined FA in a large sample of patients with MDD and never-depressed controls of the same source population by the method of tract based spatial statistics (TBSS) ([@bb0150]). We hypothesized that FA is primarily reduced in the posterior thalamic radiation, corpus callosum and the sagittal stratum in patients with MDD. Mean FA across the entire white matter skeleton and in hypothesized tracts were subsequently extracted to analyze an association with PWV as an indicator of peripheral vascular changes and subclinical arteriosclerosis. Finally, we examined a possible mediation of depression- and age-related effects on FA via PWV, respectively.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

A detailed description regarding design and purpose of the BiDirect study has been provided elsewhere ([@bb0170], [@bb0175]). Aim of the BiDirect study is to investigate the relationship between depression and subclinical arteriosclerosis. The study comprised 2257 participants aged between 35 and 65 years, among them 911 controls and 999 patients with depression, recruited during treatment for an acute episode of depression. For the purpose of providing homogenous groups, the patient population was restricted to those with an ICD-10 diagnosis of MDD (F32 & F33; *n* = 927). Controls were randomly drawn from the population register of the city of Münster and invited to participate in the study. Control participants with a history of physician diagnosed depression or a positive screening (total score \> 15) ([@bb0145]) on the Center for Epidemiologic Studies Depression Scale (CES-D) were excluded from the present analysis (*n* = 229). In both groups, participants with epilepsy, multiple sclerosis, Parkinson\'s disease, brain tumors, anomalies on DTI scans, a history of anxiety disorders, psychotic symptoms and substance abuse were excluded (*n* = 434). Participants with incomplete data (*n* = 372) or substandard DTI quality (e.g. defective slice acquisitions, stripe artifacts, venetian blind artifacts, large echo-planar imaging distortions and intensity inconsistencies; *n* = 167) were also excluded. The final sample included 636 participants, 290 patients with MDD and 346 controls. The BiDirect study was carried out in accordance with the provisions of the Declaration of Helsinki and approved by the ethics committee of the University of Münster and the Westphalian Chamber of Physicians in Münster. Written informed consent was received from each participant.

2.2. Pulse wave velocity {#s0020}
------------------------

Assessment of PWV and blood pressure was done after a resting period of approximately 10 min. Brachial-ankle PWV was assessed with the automated Vascular Explorer device (enverdis, Jena, Germany) in accordance with the guidelines provided by the manufacturer. Prior to the assessment of PWV, participants were instructed to lie down in a comfortable position and to remain motionless during measurement. Inflatable cuffs were attached to the participants\' upper arm (brachial artery) and ankle (posterior tibial artery). Pulse transit time (PTT) between the upper arm and ankle was determined using simultaneous measures of diastolic pressure levels. Body distances between suprasternal notch and the respective arm cuff (*L*~1~) as well as the distance between suprasternal notch and the respective ankle cuff (*L*~3~) were measured. PWV was computed depending on PTT and body distances with the formula: $\mathit{PWV} = \frac{L3–L1}{PTT}.$

2.3. MRI acquisition {#s0025}
--------------------

MRI acquisition in all participants was performed on a 3 Tesla scanner (Intera, Philips, Best, NL). Diffusion weighted images were collected using a single-shot 2D echo-planar imaging sequence with the following parameters: repetition time (TR): 5900 ms, echo time (TE): 95 ms, 90° flip angle, 128 × 128 matrix, 240 × 240 mm^2^ field of view (FOV), 36 axial slices, 3.6 mm slice thickness, reconstructed to pixel size: 0.94 × 0.94 mm^2^, b = 1000 s/mm^2^. Diffusion gradients were applied along 20 non-collinear directions along with a single image without diffusion weighting (b = 0 s/mm^2^).

2.4. MRI preprocessing {#s0030}
----------------------

Diffusion weighted scans were preprocessed using tools implemented in the FMRIB software library version 5 (FSL, <http://www.fmrib.ox.ac.uk/fsl>). In a first step, FMRIB\'s Diffusion Toolbox (FDT) was used for correction of eddy current distortions and head motions. Next, diffusion weighted images were skull stripped with the Brain Extraction Tool (BET). Diffusion tensor models were then fitted on corrected data in order to construct FA maps using the linear regression method implemented in DTIFIT. Subsequently, individual FA maps were nonlinearly registered to the FMRIB58_FA template in MNI space. Resulting FA maps were used to create a white matter skeleton representing the core of white matter tracts in the brain. This skeleton was set to an FA threshold value of 0.2 in order to avoid inclusion of non-white matter tissue. Individual FA maps were then projected onto the skeleton.

2.5. Statistical analysis {#s0035}
-------------------------

Demographic variables were compared across patients and controls with student\'s *t*-tests for continuous variables and *χ*^2^ test for categorical variables. Next, an analysis of covariance was conducted in order to compare PWV between patients and controls, while adjusting for age, sex and education. Statistical thresholds were set to *p* \< 0.05 (two-tailed).

Statistical analysis of TBSS data was conducted with 'FSL Randomise' ([@bb0190]). Skeletonized FA maps of patients with MDD and controls were compared by voxel wise tests implemented in the general linear model while adjusting for age, sex and education. Adjustment for education was done since white matter microstructure varies with different levels of education ([@bb0125]). Statistical maps were thresholded at *p* \< 0.05 and corrected for multiple comparisons using threshold free cluster enhancement (TFCE) employing 5000 permutations. Also, individual mean FA values were extracted in the hypothesized tracts of interest (TOIs) according to the JHU ICBM-DTI-81 white-matter labels atlas ([@bb0120]) and across the entire skeleton.

The general linear model was used to analyze age, sex and education adjusted effects of MDD on FA in the respective TOIs and across the entire skeleton (model 1). These analyses were subsequently repeated with additional inclusion of smoking status and hypertension (model 2) as well as additional adjustment for PWV (model 3). With the same models, we also compared effects of age on FA with and without inclusion of smoking status, hypertension and PWV as additional covariates. Subsequently, possible indirect effects of MDD via PWV on FA were tested by utilizing a bootstrapping approach (5000 resamples) implemented in the PROCESS macro ([@bb0060]) for SPSS. Correspondingly, we analyzed potential indirect effects of age via PWV on FA with the PROCESS macro. For the analyses of extracted FA data in the three models, statistical thresholds were Bonferroni-corrected for the five hypothesized tracts plus the averaged FA across the entire skeleton. This yields a threshold of *p* \< 0.008 (= 0.05/6). Data analysis was conducted with SPSS version 22 (IBM, Armonk, N.Y., U.S.A.).

3. Results {#s0040}
==========

3.1. Sample characteristics {#s0045}
---------------------------

Patients with depression and controls differed significantly in age, sex and education (see [Table 1](#t0005){ref-type="table"}). Furthermore, prevalences of diagnosed hypertension and smoking were significantly higher in patients with MDD. Patients with depression had significantly lower PWV (*p* \< 0.01) in univariate analysis. However, after adjustment for age, sex and education, this difference was no longer statistically significant (*p* = 0.87). Of note, this was exclusively driven by age differences across groups since inclusion of age renders group differences on PWV non-significant (*p* = 0.42).Table 1Comparison of demographic characteristics across cohorts.Table 1Patients with MDDControlsVariable*n* = 290*n* = 346*p*Age: mean (SD)48.93 (7.26)51.87 (8.20)\< 0.01Women: *n* (%)191 (65.9%)164 (47.4%)\< 0.01Education: *n* (%)\< 0.01 Primary of general secondary school73 (25.2%)56 (16.2%) Intermediate secondary school88 (30.8%)78 (22.5%) High school63 (21.7%)60 (17.3%) University graduates (\> 13 years)66 (22.8%)152 (43.9%)CES-D total score: mean (SD)25.02 (11.98)6.33 (4.02)\< 0.01History of hypertension: n (%)90 (31.0%)70 (20.2%)\< 0.01Current smokers: n (%)113 (39.0%)56 (16.2%)\< 0.01Pulse wave velocity:[a](#tf0005){ref-type="table-fn"} m/s (SE)9.39 (0.07)9.38 (0.06)0.87[^1][^2]

3.2. TBSS analysis of fractional anisotropy {#s0050}
-------------------------------------------

Results of the whole-brain TBSS analysis are presented in [Fig. 1](#f0005){ref-type="fig"}. Patients with MDD exhibited decreased FA in the left posterior thalamic radiation. No region displayed increased FA in patients with MDD compared to controls.Fig. 1Significantly reduced fractional anisotropy in the left posterior thalamic radiation in patients with depression versus controls.Fig. 1

3.3. TOI-based analysis of fractional anisotropy {#s0055}
------------------------------------------------

The results obtained by the TOI-based analysis extend findings from TBSS analysis: Effects of depression without (model 1) and with additional adjustment for hypertension and smoking status (model 2) as well as PWV (model 3) are presented in [Table 2](#t0010){ref-type="table"}. In model 1, patients with MDD showed significantly decreased FA bilaterally in the posterior thalamic radiation and in the left sagittal stratum. As can be seen across the three consecutive models, inclusion of hypertension, smoking status and PWV led to virtually no changes in the estimated mean FA for patients with MDD. However, despite no meaningful changes in estimated mean FA between patients and controls across the three consecutive models, group effects did not reach significance in the right posterior thalamic radiation and the left sagittal stratum in model 2 and model 3 after Bonferroni-correction. Accordingly, analyses of indirect effects of MDD via PWV on FA were non-significant in any respective TOI as the bias-corrected, bootstrapped 95% confidence intervals always included zero (not shown).Table 2Adjusted mean fractional anisotropy for patients with depression versus controls and corresponding *p*-values.Table 2Tracts of interestModel 1Model 2Model 3DepressionControls*p*DepressionControls*p*DepressionControls*p*Corpus callosum0.6640.6670.3790.6640.6650.5400.6640.6660.495Left posterior thalamic radiation**0.6160.6240.0010.6150.6220.0060.6150.6230.005**Right posterior thalamic radiation**0.6210.6280.007**0.6200.6270.0190.6210.6270.017Left sagittal stratum**0.5360.5440.002**0.5350.5410.0120.5350.5420.010Right sagittal stratum0.5550.5610.0210.5540.5580.0760.5540.5590.071Complete skeleton0.4490.4510.1610.4490.4500.3630.4490.4500.331[^3]

PWV itself was inversely associated with FA and reached significance in the corpus callosum, the left sagittal stratum and globally across the entire skeleton (see [Table 3](#t0015){ref-type="table"}). As presented in [Table 4](#t0020){ref-type="table"}, inclusion of PWV consistently attenuates *β*-coefficients of age on FA in all respective TOIs. Analyses of indirect effects of age via PWV on FA yielded significant estimates in the left sagittal stratum, the left posterior thalamic radiations, the corpus callosum and across the entire white matter skeleton as shown in [Table 5](#t0025){ref-type="table"}.Table 3Regression coefficients for PWV along with corresponding *p*-values.Table 3Tracts of interestPWV*βStd. coefficientp*Corpus callosum**− 0.0037− 0.1600.001**Left posterior thalamic radiation− 0.0024− 0.0980.036Right posterior thalamic radiation− 0.0021− 0.0850.076Left sagittal stratum**− 0.0035− 0.1490.002**Right sagittal stratum− 0.0018− 0.0740.122Complete skeleton**− 0.0017− 0.1320.005**[^4][^5]Table 4Regression coefficients for age and corresponding *p*-values.Table 4Tracts of interestModel 1Model 2Model 3*βStd. coefficientpβStd. coefficientpβStd. coefficientp*Corpus callosum**− 0.0008− 0.221\< 0.001− 0.0008− 0.216\< 0.001− 0.0005− 0.1390.004**Left posterior thalamic radiation**− 0.0013− 0.322\< 0.001− 0.0012− 0.301\< 0.001− 0.001− 0.253\< 0.001**Right posterior thalamic radiation**− 0.001− 0.239\< 0.001− 0.0009− 0.225\< 0.001− 0.0007− 0.184\< 0.001**Left sagittal stratum**− 0.0007− 0.188\< 0.001− 0.0006− 0.162\< 0.001**− 0.0003− 0.090.058Right sagittal stratum**− 0.0009− 0.219\< 0.001− 0.0007− 0.190\< 0.001− 0.0006− 0.1550.001**Complete skeleton**− 0.0007− 0.319\< 0.001− 0.0007− 0.305\< 0.001− 0.0005**− 0.241**\< 0.001**[^6]Table 5Indirect effect for age on fractional anisotropy via PWV.Table 5Tracts of interestPWV*β95% CI*Corpus callosum**− 0.0003− 0.00047 to − 0.00013**Left posterior thalamic radiation**− 0.0002− 0.00037 to − 0.00002**Right posterior thalamic radiation− 0.0002− 0.00036--0.00002Left sagittal stratum**− 0.0003− 0.00047 to − 0.00011**Right sagittal stratum− 0.0001− 0.00031--0.00002Complete skeleton**− 0.0001− 0.00023 to − 0.00005**[^7]

4. Discussion {#s0060}
=============

We aimed to analyze potential FA differences in patients with MDD compared to never-depressed controls and to evaluate a potential mediating role of PWV, a marker of arterial stiffness and subclinical arteriosclerosis. In summary, our results indicate that MDD is accompanied by detrimental effects on white matter microstructure properties in the left sagittal stratum and bilaterally in the posterior thalamic radiations. While whole-brain TBSS analysis revealed decreased FA only in the left posterior thalamic radiation, the TOI-based analysis suggests that decreased FA is present in the left sagittal stratum and bilaterally in the posterior thalamic radiation. These current results support previous studies showing depression-related reductions of FA in the posterior thalamic radiation and sagittal stratum ([@bb0085], [@bb0090], [@bb0130]). Importantly, the inclusion of hypertension, smoking and PWV as an additional covariates did not attenuate estimated mean FA in patients with MDD compared to controls. In line with these indications, the analyses of indirect effects did not yield any significant mediation of depression-related effects on FA via PWV, a marker of arterial stiffness and subclinical arteriosclerosis. This finding supports the concept of vascular depression to be a distinct diagnostic subtype of depression, limited to the elderly ([@bb0155]), who presumably suffer from advanced vascular disease.

Previous findings of reduced FA in the corpus callosum ([@bb0130]) and frontal lobe tracts revealed in adolescents ([@bb0005]) and young adults with MDD ([@bb0055]) could not be confirmed in our sample of middle-aged patients. As the thalamus orchestrates cortical activity ([@bb0105]), disruption of thalamocortial connections such as the sagittal stratum and posterior thalamic radiation may disturb the complex interplay between functional network nodes with a potential impact on functional connectivity patterns. Accordingly, it has been shown that specific functional networks in the brain are reflected by underlying white matter connections ([@bb0050]).

In our study, increased PWV was associated with significantly decreased FA and, thus, detrimental effects on white matter microstructure. Particularly, the inverse relationship between PWV and FA was observed in the corpus callosum, the left sagittal stratum and across the entire skeleton. In the remaining regions, effects did not reach significance after Bonferroni-correction. Our results show a consistent attenuation of the *β*-coefficients for age, particularly after the inclusion of PWV in the third model, which indicates a mediation of age-related effects via PWV. The subsequent analyses of indirect effects of age via PWV on FA yielded significant effects in the corpus callosum, the left posterior thalamic radiation, the left sagittal stratum and across the entire white matter skeleton. There is no evidence for a complete mediation, suggesting that only one part of age-related detrimental effects on white matter microstructure can be attributed to PWV as a measure of subclinical arteriosclerosis. Previous studies ([@bb0015], [@bb0070], [@bb0180], [@bb0185]) have shown that aging leads to stiffening of the arteries attributable to various mechanisms such as decreased elastin concentration and increased collagen content, as well as increased endothelin and decreased nitric oxide production. Stiffened arteries cause an increase in blood pressure, which represents an additional burden for the vascular system and, in turn, may induce further stiffening of the arteries ([@bb0110]). It has been suggested that stiffened arteries foster excessive pressure and pulsatile flow in the vascular system, thereby inducing microvascular remodelling that limits blood flow and manifests as microvascular ischaemia ([@bb0115]). Thus, it appears plausible that increased arterial stiffness has adverse consequences on cerebral white matter at large, and is also a partial mediator for age-related detrimental effects on white matter microstructural properties in the brain.

Our study has limitations and strengths. First, participation in the BiDirect study was restricted to participants aged 35 to 65. This inherently limits the generalizability of the present results to younger and middle-aged individuals. Secondly, the study at hand is cross-sectional and does not allow conclusions about time sequences of onset. Hence, it is uncertain whether the decreased FA in the respective regions is a consequence of MDD or a precursor. We chose PWV as a cumulative measure of changes in the arterial walls over lifetime. While risk factors related to arteriosclerosis such as smoking or hypertension are easier to assess they represent transient but not cumulative exposures. Brachial-ankle PWV represents a valid measure of vascular changes ([@bb0195]) and has previously been associated with detrimental effects on white matter ([@bb0160]). Nevertheless, measuring PWV directly at the femoral and carotid arteries may provide preciser information regarding vascular changes relevant for the brain. However, vascular stiffness as measured by PWV is only one parameter describing vascular changes. Other measures for the assessment of vascular disease include the ankle-brachial-index, intima-media thickness and a magnetic resonance angiogram. Further strength of the present study are its detailed classification of a large number of participants from the same source population, which have been investigated both by a whole-brain and a TOI-based approach. Depression subtypes were not considered in the present analysis, which may provide additional information regarding alterations in white matter microstructure. According to previous findings ([@bb0075]), diffusion gradients should be applied along at least 20 non-collinear sampling orientations in order to properly estimate FA.

In summary, we found decreased levels of FA in the left sagittal stratum and bilaterally in the posterior thalamic radiation in a well powered sample of patients with MDD compared to population controls without depression. Depression-specific reductions in FA are not mediated by PWV as an indicator of vascular changes. However, PWV itself was associated with reduced FA across the brain and represents a partial mediator for age-related effects on white matter microstructure, irrespective of depression. These findings highlight the concurrent but independent effects of vascular changes and MDD on white matter microstructure. Additional studies are required to explore potential long-term consequences of altered structural connectivity on functional networks and incident depression.
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[^1]: Abbreviations: MDD, major depressive disorder: SD, standard deviation; SE, standard error.

[^2]: Adjusted for age, sex and education.

[^3]: Model 1 includes group, age, sex and education; Model 2 includes group, age, sex, education, hypertension and smoking status. Model 3 includes group, age, sex, education, hypertension, smoking status and pulse wave velocity. Bonferroni-corrected *p*-threshold is 0.008. Significant group differences are indicated by bold type.

[^4]: Abbreviations: PWV, pulse wave velocity; Std, standardized. Estimates are derived from model 3 including group, sex, age, education, hypertension, smoking status and pulse wave velocity. Bold type indicates significant associations.

[^5]: Bonferroni-corrected *p*-threshold is 0.008.

[^6]: Abbreviations: *Std. coefficient*, standardized coefficient. Model 1 includes group, age, sex and education; Model 2 includes group, age, sex, education, hypertension and smoking status; Model 3 includes group, age, sex, education, hypertension, smoking status and pulse wave velocity. Bold type indicates significant associations. Bonferroni-corrected *p*-threshold is 0.008.

[^7]: Abbreviations: PWV, pulse wave velocity; *CI, bootstrapping-based confidence intervals* (5000 resamples). The analyses are adjusted for group, sex, education, hypertension and smoking status. Bold type indicates significant indirect effects for age on fractional anisotropy via pulse wave velocity.
